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ABSTRACT
We investigate the stellar kinematics of a sample of galaxies extracted from the hy-
drodynamic cosmological Magneticum Pathfinder simulations out to 5 half-mass radii.
We construct differential radial stellar spin profiles quantified by the observationally
widely used λR and the closely related (V/σ) parameters. We find three characteristic
profile shapes: profiles exhibiting a (i) peak within 2.5 half-mass radii and a subse-
quent decrease (ii) continuous increase that plateaus at larger radii typically with a
high amplitude (iii) completely flat behaviour typically with low amplitude, in agree-
ment with observations. This shows that the kinematic state of the stellar component
can vary significantly with radius, suggesting a distinct interplay between in-situ star
formation and ex-situ accretion of stars. Following the evolution of our sample through
time, we provide evidence that the accretion history of galaxies with decreasing pro-
files is dominated by the anisotropic accretion of low mass satellites that get disrupted
beyond ∼ 2.0 half-mass radii, building up a stellar halo with non-ordered motion while
maintaining the central rotation already present at z = 2. In fact, at z = 2 decreasing
profiles are the predominant profile class. Hence, we can predict a distinct formation
pathway for galaxies with a decreasing profile and show that the centre resembles an
old embedded disk. Furthermore, we show that the radius of the kinematic transition
provides a good estimation for the transition radius from in-situ stars in the centre to
accreted stars in the halo.
Key words: galaxies: evolution – galaxies: formation – galaxies: kinematics and
dynamics – cosmology: dark matter – methods: numerical
1 INTRODUCTION
Within the ΛCDM paradigm, dark matter structures merge
hierarchically at high redshift, leading to the build-up of
deep potential wells that efficiently funnel gas into the cen-
tre of halos, proceeding the galaxy formation via primordial
insitu star formation at the very centre of a galaxy. Subse-
quent to this dissipative epoch, below z ≈ 2 the dominant
process shaping the properties of galaxies is galactic merg-
ers (Oser et al. 2010; Huang et al. 2013). A main driver
of the relative importance of dissipative and merging pro-
cesses is the stellar mass (Clauwens et al. 2018). While this
multi phase scenario represents a suitable picture of galaxy
? E-mail: fschulze@usm.lmu.de
formation on cosmological time-scales, the mechanisms de-
termining the detailed inner baryonic structure of galaxies
are still not completely understood (Naab & Ostriker 2017).
The broad morphological distinction into late-type
galaxies (LTGs) and early-type galaxies (ETGs) is mainly
driven by the low-redshift evolution of galaxies. While late-
type galaxies are expected to experience a quiet formation
pathway, mostly driven by internal secular processes that
leave the disc structure in the centre intact, early-type galax-
ies are subject to a complex interplay between environmental
processes like mergers, tidal striping, ram-pressure stripping,
harassment and strangulation.
Early observations based on photometry perceived
ETGs as fairly simple objects without significant internal
structure. In contrast to the accepted picture at that time,
© 2019 The Authors
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Bender et al. (1988) showed that isophotes of ETGs differ
from ellipses and can be either ’boxy’ or ’discy’. Together
with the discovery that discy ETGs seemed to rotate more
rapidly than boxy ETGs, the correlation between the isopho-
tal shape and the central surface density slope led to a revi-
sion of the formation picture of ETGs (Kormendy & Bender
1996; Faber et al. 1997).
Due to the availability of integral-field observations,
this picture has been significantly advanced during the past
decade, providing highly-resolved two-dimensional maps of
velocities and velocity dispersions (as well as other proper-
ties). In pioneering works the SAURON (Bacon et al. 2001)
and ATLAS3D (Cappellari et al. 2011) surveys revealed a
dichotomy in the central stellar kinematics of ETGs: Fast
rotating ETGs show a globally regular rotation velocity
pattern in agreement with an inclined rotating disc, while
slow rotating ETGs are dispersion dominated with no sign
of global rotational support. Later-on, these results have
been strengthened and further extended by IFS surveys like
CALIFA (Sa´nchez et al. 2012), SAMI (Croom et al. 2012),
SLUGGS (Brodie et al. 2014), MaNGA (Drory et al. 2015),
and MASSIVE (Ma et al. 2014), complemented by results
from numerical simulations exploring the origin of this kine-
matic dichotomy (e.g. Jesseit et al. 2009; Bois et al. 2011;
Naab et al. 2014; Penoyre et al. 2017; Choi & Yi 2017;
Schulze et al. 2018; Choi et al. 2018; van de Sande et al.
2019). Studies of the very central regions of slow rotators
show a variety of kinematic subcomponents such as differ-
ent types of kinematically distinct cores (McDermid et al.
2006; Hoffman et al. 2010; Krajnovic´ et al. 2011; Emsellem
et al. 2011; Krajnovic´ et al. 2013; Schulze et al. 2017). Those
results are typically obtained by observations restricted to
an aperture of ∼ 1 effective radius (Re) due to the challenging
task of observing the faint stellar halo of galaxies.
Environmental effects play a fundamental role in deter-
mining the present-day properties of galaxies, especially for
ETGs. Due to the short mixing time-scales in the centre of
galaxies it is difficult to decipher the imprints of these ef-
fects in the central kinematics. Since the mixing time-scales
in the stellar halos of galaxies are substantially longer than
in the centre, stellar halos represent an excellent laboratory
to probe the accretion histories of galaxies. Furthermore, the
connection between the central and halo stellar kinematics
encodes information about the formation pathway of galax-
ies.
As a main driver of galaxy formation, galaxy mergers
are one of the most important environmental effects. How-
ever, the impact of mergers at lower redshift is not trivial
to predict. The morphology of (dry) major merger 1 rem-
nants naturally resembles a puffed-up spheroidal due to the
predominant effect of violent relaxation, capable of drasti-
cally altering the global orbital configuration of the progen-
itors (Hoffman et al. 2010; Moody et al. 2014). In contrast,
the mass accreted through dry minor mergers is in general
deposited in the outskirts of the galaxy, leading to a less
concentrated remnant, influencing the galaxy properties at
larger radii beyond ∼ 1Re (Hilz et al. 2012; Lackner et al.
2012; Karademir et al. 2019). Thus, galaxies are expected
1 Note, however, that wet major merger can also lead to the for-
mation of a disk galaxy, see Sparre & Springel (2017).
to display structural variations in radial profiles of prop-
erties such as the surface brightness (D’Souza et al. 2014;
Spavone et al. 2017; Cooper et al. 2013; Abadi et al. 2006,
Remus&Forbes 2019, in prep), age and metallicity (El-Badry
et al. 2016; Pastorello et al. 2014, 2015; Forbes & Remus
2018), and stellar kinematics.
Noticeable progress in understanding stellar halo kine-
matics has been made using spatially sparse tracer measure-
ments beyond 1Re using planetary nebulae (Coccato et al.
2009; Me´ndez et al. 2009; Pulsoni et al. 2018) and globu-
lar clusters (Me´ndez et al. 2001; Strader et al. 2011; Arnold
et al. 2011; Pota et al. 2013). Especially Coccato et al. (2009)
present pioneering kinematic measurements based on plane-
tary nebulae out to ∼ 10Re. While these studies represent an
important advance in understanding the kinematics of the
stellar halo, they are limited by a small sample size (some
focusing on single galaxies), and therefore do not provide
statistically representative results.
Within the SAGES Legacy Unifying Globulars and
GalaxieS (SLUGGS, Brodie et al. (2014)) survey, Arnold
et al. (2014) compiled differential specific angular momen-
tum profiles out to ∼ 2 − 4Re for 22 ETGs using multiple
slitmask spectra (SKiMS). For a significant fraction of galax-
ies they found that the kinematic state observed within 1Re
could change drastically at larger radii. While centrally slow
rotating galaxies typically remain dispersion dominated in
the outskirts, centrally fast rotating galaxies show profiles
ranging from rapidly increasing to declining at larger radii.
The declining profiles are interpreted as a sign for a kine-
matic subcomponent, i.e. an embedded disk. This result was
later confirmed by Foster et al. (2016) using a similar but
slightly extended sample of 25 ETGs. In contrast, drops in
stellar spin reported by Raskutti et al. (2014) and Boardman
et al. (2017) were not as strong as reported for the SLUGGS
galaxies. The discrepancies are mainly attributed to small
sample sizes and selection biases. The physical meaning of
embedded disks has been emphasised by Savorgnan & Gra-
ham (2016) and Graham et al. (2016) who showed that they
are a key component to correctly model galaxies with respect
to photometry and the related black hole mass.
In a first step to understand radially-varying kinemat-
ics, more recent studies investigated the connection between
the modulations of the stellar spin profile and the visual
morphology of galaxies. Within the CALIFA project, Falco´n-
Barroso (2016) found a continuous sequence spanning high
to low rotational support when going from later to earlier
galaxy types at all radii out to 3Re. It is, however, not
straight-forward to compare the results of this study to re-
sults from the SLUGGS survey since the authors calculate
stellar spin profiles in an integrated manner rather than dif-
ferential. Focusing only on ETGs, Bellstedt et al. (2017) ob-
served a clear difference in the local stellar spin profiles be-
tween lenticular (S0) and elliptical (E) galaxies within their
sample of 28 SLUGGS ETGs. While the vast majority of S0
galaxies show a rapidly rising profile with a plateau at larger
radii, a significant fraction of ellipticals exhibit a completely
flat or declining profile. A connection between the apparent
morphology and the rotational support was also found by
Foster et al. (2018) for a significantly larger galaxy sample
including late-type galaxies. In one of the few theoretical
studies, Wu et al. (2014) investigated the stellar kinematics
of 42 zoom simulations of galaxies out to ∼ 6Re. Consistent
MNRAS 000, 1–22 (2019)
Kinematics of Simulated Galaxies II 3
with the observations, the simulation produces inclining, de-
clining and constant radial angular momentum profiles.
Very recently, the boundaries of observing stellar halo
kinematics has been further pushed by Pulsoni et al. (2018).
Using planetary nebulae as tracers for the underlying stel-
lar velocity field, they observed stellar kinematics out to
typically ∼ 6Re, with a range of [3Re − 13Re]. Interestingly,
they found that the majority of centrally fast-rotating ETGs
exhibit declining V/σ profiles as well as declining velocity
amplitudes. In contrast, slow rotators typically show higher
rotational support in the stellar halo than within 1Re. The
authors conclude that the varying rotational support of fast
rotators is due to a more or less prominent disk in the centre
which fades towards larger radii. As these transitions occur
usually at larger radii than most studies have been covering
so far, a statistical significance in the appearance of the dif-
ferent radial behaviour could not yet be established and is
one of the major goals of the work presented here.
Therefore, this study uses data from the fully cosmolog-
ical hydrodynamic Magneticum Pathfinder simulations to
investigate the stellar kinematics of massive galaxies out to
∼ 5 half-mass radii (R1/2) in a statistical manner and under-
stand the origin of the different radial behaviours present
in observations with special emphasis on the declining stel-
lar spin profiles. The paper is structured as follows: Details
of the simulation and the methodology of the galaxy anal-
ysis as well as the sample selection are presented in Sec. 2.
In Sec. 3 we conduct a first qualitative investigation of the
radial stellar spin profiles and compare to recent observa-
tions. Furthermore, we introduce a new classification based
on the shape of the spin profiles that gets explored in de-
tail throughout the study. Therefore, Sec. 4 investigates the
connection between the stellar large scale kinematics and
fundamental galaxy properties like central stellar kinemat-
ics, stellar mass, and morphology. Exploiting the full power
of the simulation, in Sec. 5 we follow the evolution of our
sample through cosmic time and investigate the imprint of
the accretion history on the stellar large scale kinematics.
We conclude in Sec. 6 with a summary and conclusion.
2 SIMULATION AND ANALYSIS
2.1 The Magneticum Pathfinder Simulations
For our analysis we study galaxies extracted from the cos-
mological hydrodynamical Magneticum2 Pathfinder simu-
lations, which are a collection of simulations of various
box-sizes and resolutions. Sizes range from 18Mpc/h to
2688Mpc/h box side length, while resolutions cover a particle
mass range of 1010 > mdm > 107M/h for the dark matter
and 109 > mgas > 106M/h for gas particles. The simula-
tions were performed with the Tree/SPH code GADGET-3
which is an extended version of GADGET-2 (Springel 2005;
Springel et al. 2001a) implementing updates in the SPH for-
mulation regarding the treatment of viscosity and the used
kernels (Dolag et al. 2005; Beck et al. 2016).
The simulation implements state-of-the-art models for
a variety of baryonic physics needed for the self-consistent
modelling of galaxy formation such as gas cooling and star
2 www.magneticum.org
formation (Springel & Hernquist 2003), black hole seed-
ing, evolution and AGN feedback (Springel et al. 2005a;
Hirschmann et al. 2014; Steinborn et al. 2015) as well as stel-
lar evolution and metal enrichment (Tornatore et al. 2007).
Furthermore, it follows the thermal conduction similar to
Dolag et al. (2004) but with 1/20th of the classical Spitzer
value (Spitzer 1962) motivated by full MHD simulations
including an anisotropic treatment of thermal conduction
(Arth et al. 2014). For more details on the baryonic physical
models we refer to Teklu et al. (2015).
The Magneticum Pathfinder simulations have shown to
successfully reproduce, and help to interpret, various obser-
vational results, such as pressure profiles of the intra-cluster
medium (Planck Collaboration et al. 2013; McDonald et al.
2014), the predicted Zeldovich signal (Dolag et al. 2016),
galaxy cluster properties (Remus et al. 2017; Lotz et al.
2019), the properties of the AGN population (Hirschmann
et al. 2014; Steinborn et al. 2015, 2016, 2018), the kinematic
properties of galaxies (Teklu et al. 2015; Schulze et al. 2018)
and the dynamical properties of early-type galaxies (Remus
et al. 2013; Teklu et al. 2017).
Throughout all simulated volumes and resolutions the
simulations employ a standard ΛCDM cosmology with pa-
rameters adopted from the seven-year results of the Wilkin-
son Microwave Anisotropy Probe (WMAP7) (Komatsu et al.
2011), with Ωb = 0.0451, ΩM = 0.272 and ΩΛ = 0.728 for
baryons, matter and dark energy, respectively. Furthermore,
the Hubble parameter is h = 0.704 and the normalization of
the fluctuation amplitude at 8Mpc is given by σ8 = 0.809.
The galaxies used in this work are extracted from Box4,
a box with a side length of 48Mpc/h at the currently high-
est resolution level, and initially contains 2 × 5763 particles
(gas and dark matter). The gravitational softening length
is gas = dm = 1.4kpc/h for dark matter and gas particles
and ∗ = 0.7kpc/h for stellar particles. The (initial) parti-
cle mass of dark matter and gas is mDM = 3.6 × 107M/h
and mgas = 7.3 × 106M/h, respectively. Since a gas particle
can spawn up to 4 stellar particles the mass of gas particles
is not constant. Furthermore, the mass of stellar particles
varies due to stellar wind losses, with an average mass of
M∗ = 2 × 106M/h
2.2 Sample Selection
We select all halos identified by SUBFIND with a stellar
mass M∗ > 2 × 1010M to ensure that the galaxy is sam-
pled with a sufficient number of stellar particles. We find
1147 halos in Magneticum Box4 that obey this mass limit.
In the next step we discard all galaxies with a stellar half-
mass radius3 R1/2 < 1.4 kpc h−1, corresponding to twice the
stellar gravitational softening length for stars in the simu-
lation. This selection criterion ensures an adequate spatial
resolution, excluding galaxies dominated by the unresolved
central region.
This leaves us with a sample of 1132 halos that have
3 The half-mass radius R1/2 is defined to be the radius of a
three dimensional sphere containing half of the total stellar mass.
Throughout this study R1/2 is considered to be equal to the ob-
servationally accessible effective radius Re.
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Figure 1. The b-value as proxy for the morphology versus the
stellar mass of the selected sample. The symbols discriminate
Regular-Rotators (red circles), Non-Rotators (blue triangles),
Distinct-Cores (cyan square), Prolate-Rotators (lilac bowtie), and
Disks (yellow stars). The horizontal dashed lines indicate the
threshold between Disks, Intermediates and Spheroidals as given
in Sec. 2.2.2.
already been shown in previous work to successfully repro-
duce stellar kinematic properties within 1R1/2 (see Schulze
et al. 2018 and van de Sande et al. 2019).
Additionally, we discard galaxies from the sample whose
stellar kinematics are not resolved beyond 3R1/2 due to the
lack of particles (see Sec. 2.3.2 for more details). After this
step the sample contains 492 objects, with 320 of them bee-
ing centrals and 172 beeing satellites.
In summary, we cover a mass range from 2 × 1010M
up to ≈ 1.7 × 1012M with decreasing completeness towards
higher and lower masses. At the high-mass end this is due to
the limited box -size that does not allow for the formation
of a significant number of massive object with M∗ > 1012.
Towards lower masses this is driven by the lack of parti-
cles in the galaxies leading to kinematic profiles that do not
reach radii beyond 3R1/2 and are therefore discarded from
the sample due to our selection criteria.
2.2.1 Kinematic Feature Classification
In order to investigate the properties of our sample in more
detail we apply a kinematic classification capturing specific
kinematic features in the velocity maps of the central 1R1/2
analogous to Schulze et al. (2018) (see also Krajnovic´ et al.
2011), and split our sample in five kinematic classes:
• Regular-Rotator (RR): The velocity map shows an or-
dered rotation pattern around the morphological minor axis.
• Non-Rotator (NR): The velocity map does not show
any signs of ordered motion and low level velocities.
• Distinct-Core (DC): The velocity map shows a kine-
matically decoupled structure in the centre. This includes
especially misaligned rotating structures with respect to the
surrounding rotating galaxy, and rotating structures embed-
ded in the centre of a non-rotating galaxy.
• Prolate-Rotator (PR): The velocity map shows ordered
rotation around the morphological major axis.
• Disks (D): The velocity map shows a high degree of
ordered rotation and a b-value (Eqn. 1) larger than −4.35,
which is the threshold for pure disk galaxies determined in
Teklu et al. (2015).
Discarding all galaxies that can not be classified into
one of the above kinematic classes leaves us with a final sam-
ple of 450 objects. Not classifiable galaxies typically exhibit
unstructured velocity maps often caused by environmental
effects, as tidal interactions with other objects. This selec-
tion process ensures that our sample is as clean as possible
with regard to peculiar objects and interacting galaxies.
2.2.2 Morphological Classification Using the b-value
To classify our sample by morphology we resort to the fun-
damental findings by Fall (1983): investigating the stellar
mass log(M∗) and the specific angular momentum log(j∗) of
galaxies they found that LTGs and ETGs follow a parallel
sequence. Studies based on larger samples confirmed a con-
tinuous parallel sequence from pure disks to pure bulges in
this plane corresponding to a shift of the bulge-to-total ra-
tio from 0 to 1 (Fall & Romanowsky 2013; Obreschkow &
Glazebrook 2014; Cortese et al. 2016; Fall & Romanowsky
2018; Sweet et al. 2018). Furthermore, these results are in
agreement with predictions from cosmological simulations
Teklu et al. (2015); Genel et al. (2015); Zavala et al. (2016);
Lagos et al. (2017). Teklu et al. (2015) hence introduced the
so called b-value as a proxy for morphology:
b = log10
(
j∗
kpc km/s
)
− 2
3
log10
(
M∗
M
)
(1)
As found by Romanowsky & Fall (2012) and Teklu et al.
(2015), galaxies with b ≈ −4 are disc-like galaxies, followed
by a smooth transition to lenticular and elliptical galaxies
with decreasing b-value.
Following Teklu et al. (2015) we classify our galaxies
according to their b-value as:
• Disk: b > −4.35
• Intermediate: −4.73 < b < −4.35
• Spheroidal: b < −4.73
Fig. 1 summarizes the properties of our sample with
regard to the introduced classifications. It shows the stellar
mass of each galaxy versus the b-value. The symbols and
colours distinguish RRs (red circles), NRs (blue triangles),
DCs (cyan square), PRs (lilac bowtie), and Ds (yellow stars).
The horizontal dashed lines separate Disks, Intermediates
and Spheroids.
The final galaxy sample studied in this work con-
tains 39 (9%) Disks, 140 (31%)) Intermediates and
271 (60%) Spheriodals. Furthermore, the sample com-
prises 245 (54%) Regular-Rotators, 113 (25%) Non-Rotators,
35 (8%) Distinct-Cores, 18 (4%) Prolate-Rotators, and
39 (9%) Disks. In comparison to the statistically larger sam-
ple investigated in Schulze et al. (2018) the distribution is
quite similar, demonstrating the completeness with regard
to the kinematic classes. As expected the Regular-Rotators
MNRAS 000, 1–22 (2019)
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populate the high b-values range, while the Non-Rotators
and the complex kinematic structures exhibit lower b-values
in line with Schulze et al. (2018).
2.3 Stellar Spin Analysis
To investigate the stellar kinematics of galaxies in the Mag-
neticum simulations, we construct two-dimensional spatially
resolved line-of-sight velocity and velocity dispersion maps,
and analyse their properties. This enables us to directly com-
pare and apply the results to the wealth of observational IFS
studies that have been carried out during the past decade
and will be conducted in the future. Therefore, the construc-
tion of the kinematic maps should be as similar as possible
to the methods used for the observations, while taking the
properties and limitation of simulated data into account.
The methods used in this study resemble the methods out-
lined in Schulze et al. (2018).
Due to the limited mass resolution of the simulation,
low particle numbers can cause statistical errors when sam-
pling stellar particles onto a grid. To avoid statistical noise,
we apply the following procedure to each galaxy in our sam-
ple: For a given spatial region and projection of interest the
stellar particles are sampled onto a simple rectangular grid
with a resolution comparable to modern IFS instruments of
0.3kpc. Subsequently, we apply a Centroidal Voronoi Tes-
sellation (CVT), which ensures a sufficient particle number
per cell while maintaining an adequate spatial resolution. To
construct the final kinematic maps the mean velocity
V i =
∑Nc
j=1 Vj
Nc
(2)
and the velocity dispersion
σi =
√√√∑Nc
j=1 V
2
j
Nc
− ©­«
∑Nc
j=1 Vj
Nc
ª®¬
2
(3)
are calculated within each CVT cell. Here, Vj is the particle
velocity, and the sum runs over all Nc particles within the
cell.
2.3.1 Calculating Central Cumulative λR1/2
During the course of this paper we will use the λR parameter
which was introduced by Emsellem et al. (2007) and has
been extensively studied in great detail since then for many
sets of observations (Emsellem et al. 2011; Krajnovic´ et al.
2013; Fogarty et al. 2014; Cortese et al. 2016; van de Sande
et al. 2017; Brough et al. 2017; Greene et al. 2017; Veale et al.
2017; Falco´n-Barroso et al. 2019) and simulations (Jesseit
et al. 2009; Bois et al. 2011; Naab et al. 2014; Moody et al.
2014; Penoyre et al. 2017; Choi & Yi 2017; Choi et al. 2018;
Schulze et al. 2018). For a given set of observed kinematic
maps it is defined as
λR =
∑Np
i=1 Fi Ri |V i |∑Np
i=1 Fi Ri
√
V
2
i + σ
2
i
, (4)
with the sum running over all pixels in the considered field
of view. Fi , Ri ,
V i , and σi are the flux, projected distance to
the galaxy centre, mean stellar velocity, and velocity disper-
sion of the ith photometric bin, respectively. For simulated
data we replace the fluxes in Eq. 4 by stellar masses, assum-
ing a constant mass-to-light ratio, as been done in various
former theoretical studies (Bois et al. 2011; Naab et al. 2014;
Moody et al. 2014; Penoyre et al. 2017; Schulze et al. 2018).
λR obviously depends on the projection direction of the
velocity map. In practice, we choose the morphological edge-
on projection, since this maximises λR. Furthermore, the
spatial region over which the summation in Eq. 4 is done, is
given by an ellipse with the corresponding axis ratio qmorph of
the galaxy and an area of Aellipse = pi R1/2. This is indicated
by appending the subscript ’1/2’ to the parameter name
λR1/2 .
2.3.2 Constructing Local Radial λ(R) Profiles
Since we aim to quantify the local variations of the kinematic
state of galaxies, we calculate radial differential λ(R) pro-
files for our sample. Calculating the profile in a differential
manner, instead of cumulative, helps to capture kinematic
transitions and the related profile gradients in more detail
(Bellstedt et al. 2017). Furthermore, using λ(R) as proxy for
the local stellar spin ensures a proper comparability to re-
sults from current and future IFS observations.
In order to determine the local λ(R), we construct kine-
matic IFS mock observations of the line-of-sight velocity and
velocity dispersion out to 5R1/2, using a CVT as described
above. The velocities are transformed into the centre-of-mass
system of the stars inside 1R1/2. Throughout this study we
will refer to the local λ by λ(R).
The CVT maps are the maximal statistically reliable
information that can be extracted from the particle data.
We intentionally refuse to apply interpolation techniques to
the map that are not physically motivated since they might
introduce artificial values. Therefore, we proceed by binning
the CVT maps onto a rectangular grid. This artificially in-
creases the resolution of the maps without introducing arti-
ficial values. Then we calculate λ(R) within elliptical annuli:
λ(R) =
∑Np
i=1 Ri,c |V i |∑Np
i=1 Ri,c
√
V
2
i + σ
2
i
, (5)
where summations run over all pixels within the annulus.
Here, Ri , Vi and σi are the circularised projected distance
to the galaxy centre, the mean stellar line-of-sight velocity
and the velocity dispersion of the ith photometric bin, re-
spectively. The circularised distance is given by Rc:
Rc =
√
x2 qmorph + y2/qmorph, (6)
where qmorph is the morphological axis ratio of the galaxy.
This transformation maps a given ellipse onto a circle with
radius Rc. The borders of the annuli are determined by de-
manding a minimum of 1500 particles per radial bin. This
ensures a proper equal statistical weighting of each annuli
from the particle data. To reduce small scale noise the re-
sulting radial profile is smoothed using an adaptive Gaussian
kernel which uses 6 neighbouring data points.
Using a fixed number of particles per radial bin leads to
unequal bin sizes. Since we calculate mean quantities within
MNRAS 000, 1–22 (2019)
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fixed radial ranges in our further analysis of the profiles, this
is a undesired behaviour. Therefore, we apply an additional
cubic spline interpolation to the profile, generating a profile
with 400 equidistant sample points.
Demanding a constant number of particles per annuli
introduces a natural limit for the radial extent of the kine-
matic profiles. If there are fewer than 1500 particles beyond
the last considered sampling point, the profile is truncated.
2.4 Merger Mass Fraction Determination
In Sec. 5 we will follow the evolution of individual halos
through cosmic time to explore the processes that lead to
their z = 0 properties. Within the ΛCDM paradigm, struc-
tures grow hierarchically through mergers that inevitably af-
fect the galaxies that reside within halos. Thus, merger trees,
which comprise information about progenitors, are key to
understanding the processes shaping the present-day prop-
erties of galaxies. Details about the merger tree construction
method used in this work are outlined in App. B.
While merger trees provides a meaningful way to trace
the main central structure of a halo, it gives rise to an issue
when calculating mass-ratios of two merging objects: At the
time of the merger identification zmerg, the objects could
potentially have experienced significant tidal stripping and
other environmental effects, leading to an artificially false
estimate of the mass. We correct for this effect by defining
the mass of the less massive merger participant Msat to be
its maximum mass before the merger is identified:
MSat = max
([M∗(z) : z > zmerg]) (7)
The corresponding mass of the host MHost is determined at
the same moment in time zmax:
MHost = M∗(zmax) (8)
Throughout this study we classify a merger event into
three merger classes based on the mass-ratio MSat/MHost:
• Mini merger:
0.1 >
MSat
MHost
(9)
• Minor merger:
0.3 >
MSat
MHost
> 0.1 (10)
• Major merger:
MSat
MHost
> 0.3. (11)
Merger events with MSat/MHost < 0.01 are considered to be
smooth accretion.
3 RADIAL λ PROFILES OUT TO 5R1/2
3.1 Qualitative Connection Between Kinematic
Features and the λ(R) Profile Shape
To visualise the connection between the kinematic maps and
the λ(R) profile, each row in Fig. 2 shows an example of the
five kinematic groups defined in 2.2. For the group of DCs we
show two examples illustrating the two kinds of kinematic
configurations comprised in this group. From left to right the
panels display a density map with isophotes, velocity map
on a scale of 1R1/2, velocity map on a scale of 5R1/2, and the
corresponding λ(R) (solid), V/σ(R) (dotted), σ(R) (dashed),
and V(R) (dashed-dotted) radial profiles. The dashed black
ellipses in the velocity maps mark isophotes with semi-major
axis length of integer multiples of R1/2.
The RR (first row) shows the characteristic velocity pat-
tern of a centrally fast rotator. Accordingly, this galaxy has
λR1/2 = 0.42 clearly in the fast rotating regime. The regular
rotation pattern extends beyond 1R1/2 with a mild decrease
in the velocity amplitude. This behaviour is reflected in the
λ(R) profile: it increases steeply in the very centre, followed
by an almost constant section with a mild decrease beyond
2R1/2. At ∼ 5R1/2, the profile reaches its minimum of ∼ 0.35
still, in the fast rotating regime.
The NR (second row) represents a typical example of a
non-rotating slow rotator based on its velocity field in the
centre as well as based on its stellar spin λR1/2 = 0.07. The
profile exhibits only minor variations out to 3R1/2, and a
moderate increase beyond this radius out to the maximal
probed radius. With a maximum of ∼ 0.15 the galaxy ex-
hibits low rotational support in the entire investigated radial
range.
The first DC (third row) shows significant variations in
the velocity map and the λ(R) profile: this galaxy exhibits
an apparent rotating core with a non-rotating surrounding
stellar halo. Already towards the centre, there is an appar-
ent drop in the amplitude of the velocity. Furthermore, the
regular rotating velocity pattern disperses within 2R1/2. Be-
yond this radius there is only minor evidence of low level
rotation. The appearance of the velocity maps is consistent
with a rotating disk embedded in a non-rotating stellar halo.
The λ(R) profile shows a peak in the centre followed by a
drastic decrease out to 2.5R1/2, and a subsequent mild in-
cline capturing the transition from the rotating core to the
non-rotating surroundings.
The second DC (fourth row) shows a rotating core com-
ponent that is embedded in a halo that rotates with a kine-
matic position angle close to 180° with respect to the cen-
tre. Accordingly, λ(R) has a significant depression exactly at
the transition radius between the two kinematic subcompo-
nents. Subsequently, the profile plateaus at 3R1/2 followed
by a moderate increase.
The fifth row displays a member of the special group of
PRs. These galaxies show ordered rotation around the mor-
phological major axis. Within 1R1/2, the velocity map resem-
bles that of a slow rotator. In the radial range of 1−2R1/2, the
prolate rotation is apparent. Beyond 3R1/2, the velocity pat-
tern becomes asymmetric: While the rotation in the upper
part vanishes completely, the rotation in the lower part of the
map extends significantly further out. The asymmetric lower
part might be caused by stripped particles of an in-falling
galaxy which caused the prolate rotation signal. Within the
Illustris simulation Ebrova´ &  Lokas (2017) found that pro-
late rotation is strongly correlated with the last significant
merger a galaxy experienced. Furthermoe, slight asymme-
tries in the velocity map during the relaxation process after
the merger, as found in our example, are possible to oc-
cur. However, investigating this in more detail is beyond the
scope of this paper.
As expected, the D in the last row shows flatter
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Figure 2. Each row displays an example of a typical kinematic feature found in the centre of galaxies. From top to bottom: Regular-
Rotator, Non-Rotator, Rotating-Core, Rotating-Core, Prolate-Rotator, and Disk. From left to right the panels show the density map,
line-of-sight velocity map on a scale of 1R1/2, a zoom-out line-of-sight velocity map to 5R1/2, and the corresponding radial λ(R) (solid),
(V/σ)(R) (dotted), velocity (dashed dotted), and dispersion (dashed) profile. The dashed black lines in the velocity maps show ellipses
with the galaxies’ axis ratio and semi-major axis length of integer multiples of R1/2. The grey shaded area in right panels marks the
unresolved region below two softening length.
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isophotes than the other examples. The ordered motion is
apparent out to a scale of 5R1/2. The λ(R) profile reaches up
to values of ≈ 0.7 and therefore the extremely rotationally
supported range. This is mainly due to the low σ(R) in com-
parison to the RR example. This is the only example where
we find a crossing of of V(R) and σ(R) at ≈ 2R1/2, implying
clear rotational support.
Comparing the RCs and RR clearly shows that galax-
ies that exhibit a similar velocity feature and λ(R) profile
within 1R1/2 can have very different outer halo kinematics.
Hence, it is not sufficient to solely investigate the central
1R1/2 to assess the full kinematic state of a galaxy. Further-
more, these variations in the halo kinematics are connected
to the distinct formation pathway of a galaxy and therefore
encode valuable information about the processes that shape
the galaxy.
The (V/σ)(R) profile shows the same behaviour as λ(R)
in every aspect and thus can also be used to trace the radial
behaviour (see also App. A).
3.2 Quantifying Profile Shape
3.2.1 Profile Gradients at Fixed Radii and Maximum
Amplitude
We compare the shape of the λ(R) profiles in the simulation
to recent observations from the SLUGGS (Bellstedt et al.
2017), SAMI (Foster et al. 2018), and ePN.S (Pulsoni et al.
2018) survey. Due to the challenging task of observing spec-
tra at low surface brightnesses in the stellar halo, the three
observational comparison samples use different methods to
determine velocity maps out to large radii. Foster et al.
(2018) uses direct integral-field observations with a radial
coverage out to typically ∼ 1.5–2.5Re. Bellstedt et al. (2017)
utilises the SKiMS technique which uses DEIMOS slit obser-
vations to capture the underlying stellar velocity field and
apply a novel interpolation method to obtain a continuous
velocity map with a radial coverage out to ∼ 2–3Re. A simi-
lar approach is used by Pulsoni et al. (2018), however using
planetary nebulae as discrete tracers, which allow for a sig-
nificantly larger radial coverage out to typically ∼ 6Re.
Fig. 3 shows the two point gradient of the λ(R) pro-
file measured at different points versus the local λ(1R1/2) for
our sample, split up into the kinematic groups, in compari-
son to the above mentioned observations. The upper panel
shows λ(1.5R1/2) − λ(0.5R1/2) vs. λ(1R1/2) in comparison to
SAMI, while the middle panel shows λ(2.0R1/2) − λ(0.5R1/2)
vs. λ(1R1/2) in comparison to SAMI and SLUGGS. The lower
panel shows the λ(Rmax) − λ(1.0R1/2) vs. λ(1R1/2) in direct
comparison to ePN.S. The SLUGGS sample contains 15 S0
galaxies and 13 elliptical galaxies, while the SAMI survey
provides λ(2.0R1/2)−λ(0.5R1/2) values for 7 galaxies where we
do not have access to a morphological classification. In addi-
tion, we have λ(1.5R1/2)−λ(0.5R1/2) values for 107 galaxies of
mixed morphologies, including late-type galaxies, from the
SAMI survey. From the ePN.S survey we include 33 ETGs.
Here, we have access to λ(Rmax) − λ(1.0R1/2), where Rmax is
in the ranges 3.0R1/2-13R1/2. We also derive a λ(R) profile
for the ultra diffuse galaxy Dragonfly 44 from the data pro-
vided in van Dokkum et al. (2019). For the simulation, we
calculate the gradients always in the same radial range as
the comparison observations.
Figure 3. Upper Panel: Gradient in λ(R) profile between 1.5R1/2
and 0.5R1/2 versus the local λ(R) measured at 1.0R1/2. The galax-
ies are subdivided according to their central kinematic group
Regular-Rotators (red circles), Non-Rotators (blue triangles),
Distinct-Cores (cyan square), Prolate-Rotators (lilac bowtie), and
Disks (yellow stars). The grey shaded region marks the due to
resolution unreachable region. Green symbols show observational
results from the SAMI survey (Foster et al. 2018), and the orange
symbol marks Dragonfly 44 (van Dokkum et al. 2019). Middle
Panel: Same as upper panel, however the gradient is calculated
between 2.0R1/2 and 0.5R1/2. We include observations from the
SAMI survey (green) and the SLUGGS survey (blue, Bellstedt
et al. 2017). Lower Panel: Same as the upper two panels with the
gradient calculated between the outermost data point Rmax and
1.0R1/2. The cyan symbols represent observations from the ePN.S
survey extracted from Pulsoni et al. (2018).
The middle and lower panels show a good agreement be-
tween the simulated sample and the observations. The Mag-
neticum galaxies cover the same range of gradients [−0.3-
0.35] as the observations. Minor discrepancies are visible in
the high 1.0R1/2 range where the SLUGGS survey reaches
values of 0.85 which are not found in the simulated sample.
We suspect, that this might me due to the still to high dis-
persion in disk galaxies formed in the simulation. More sig-
nificant disagreements are apparent in the upper panel: The
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Figure 4. The maximum of the (V/σ)(R) profile (upper panel)
and the λ(R) profile (lower panel) as function of stellar mass. Data
points are colour-coded according to their b-value as an proxy for
their morphology. A b-value larger than −4.3 is characteristic for
disc galaxies, while the morphology transitions to earlier types
with decreasing b-value.
SAMI galaxies exhibit significantly larger gradients than the
simulated galaxies. This is even more surprising considering
that SAMI does not favour the edge-on projection in the
sample selection, which would maximize the gradient, like
we are. Furthermore, there is only one object with negative
gradient. The low number of objects with negative gradients
with respect to the SLUGGS sample was already stated in
Foster et al. (2018) and quantitatively resolved by account-
ing for differences in the sample selection and observational
effects. One side note, the ultra diffuse galaxy Dragonfly 44
(orange symbol) is a regular galaxy in the plane exhibiting
low rotation in the centre and only very minor variations in
the λ(R) profile.
For the simulated sample, the overall distribution of
kinematic groups is as expected in all panels: The RRs and
Ds show the largest gradients, while the NR and PRs pre-
dominately populate the small gradient regime below ∼ 0.1.
Furthermore, most of the DCs have negative gradients, re-
flecting the drop in the rotational support seen in the veloc-
ity map. Interestingly, the gradient for RRs and Ds shift sig-
nificantly to negative values when the outer sampling point
is shifted to larger radii in agreement with the observations.
This reflects that many of these object have a centrally in-
creasing profile (< R1/2) that decreases at larger radii.
Apart from the radial variations in the profile, the maxi-
mum amplitude is a characteristic quantity describing radial
profiles. Therefore, Fig. 4 shows the correlation between the
stellar mass and the maximum amplitude of the (V/σ)(R)
profiles (upper panel) and the λ(R) profiles (lower panel),
denoted as (V/σ)max and λmax, respectively. The symbols
are coloured according to the b-value as a proxy for mor-
phology. It represents the direct comparison with Figure 4
of Foster et al. (2018). Although Fig. 4 covers a larger mass
range than Foster et al. (2018), we confirm the trend that
there is no overall correlation between the profile maximum
and the stellar mass. This holds true for the directly compa-
rable (V/σ)max as well as for λmax. However, a clear correla-
tion between the b-value, and therefore the morphology, and
the location in this plane is visible: There is a continuous
sequence of decreasing b-values with decreasing (V/σ)max
and λmax, which reflects the higher rotational support of
late-type galaxies. It is, however, difficult to judge whether
galaxies of equal b-value lie on relations with varying slope
as found by Foster et al. (2018) for different morphological
types, given the large scatter.
3.2.2 Refined Classification Scheme
As discussed in Sec. 3.1, galaxies can show significantly dif-
ferent λ(R) profile shapes. While the examples shown in Fig.
2 represent single example cases, the aim of this study is
to analyse our sample of galaxies in a statistical manner. In
order to find statistical meaningful trends, it is necessary to
quantify the shapes of the radial λ(R) profiles and, if possi-
ble, to classify them.
A comprehensive visual inspection of our sample re-
vealed three characteristic shapes:
• Decreasing Profile: Galaxies showing a central peak and
a subsequent decrease in the outer region. The position of
the peak ranges from ∼ 0.5R1/2 to ∼ 2.0R1/2.
• Increasing Profile: Galaxies showing a continuous in-
crease out to the maximally probed radius. The increase is
either close to linear with varying slope or shows a steep
increase in the inner region followed by a plateau at larger
radii.
• Flat Profile: Galaxies showing only minor variations
over the entire radial range. The amplitude of the profile
ranges from low λ values in the slow rotating regime to high
fast rotating values, albeit the former case is much more
frequent.
Earlier observational studies use the gradient of the λ(R)
or V/σ(R) profile calculated from two sampling points in the
inner region (∼ 0.5R1/2) and outer region (∼ 1.5 − 2R1/2)
depending on the covered radial range (Arnold et al. 2014;
Bellstedt et al. 2017; Foster et al. 2018; Pulsoni et al. 2018)
as discussed in Sec. 3.2.1.
Fig. 5 shows an example for each of the three classes.
From left to right: Decreaser, Increaser and Flat. In each
panel the various lines display the λ(R) (solid), V/σ(R) (dot-
ted), σ(R) (dashed) and V(R) (dashed-dotted) profiles. The
shaded areas mark the 1σconfidence interval derived from
500 bootstraps within each radial bin, demonstrating the
minor statistical noise in the profiles. While the last two
categories can be captured by a simple gradient with two
sampling points, the varying position of the peak for the
decreasing profiles makes this simple approach unsuitable.
Visual inspection and of the profiles showed that the
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Figure 5. Hand-picked examples for a decreasing (left panel), increasing (middle panel) and flat profile (right panel). In each panel
the different lines distinguish λ(R) (solid), V/σ(R) (dotted), σ(R) (dashed) and V (R) (dashed dotted). The shaded area around the λ(R)
profiles marks the 16th and 84th percentile of a bootstrapping.
following classification disentangles the three characteristic
shapes:
• Decreasing:
λ
(
2.0 < R < 3.5
) − λ (0.5 < R < 2.0) < −0.04 (12)
• Increasing:
λ
(
2.0 < R < 3.5
) − λ (0.5 < R < 2.0) > 0.04 (13)
• Flat:
|λ (0.5 < R < Rmax) − λmax | < 0.09 &
|λ (0.5 < R < Rmax) − λmin | < 0.09 (14)
λmax and λmin are the maximum and minimum values
reached by λ(R), respectively. Throughout this paper we will
use this classification, correlate it with various galaxy prop-
erties, and investigate its connection to the formation history
of the galaxy.
In total, 84% of the sample can be assigned to one of
the defined classes. Accordingly, 16% are unclassified. These
galaxies typically show large variation in their profile with
several maxima and minima, and are tidally interacting or
in the process of merging.
Increasing profiles comprise 47% of our total sample and
therefore represent the most frequent profile type. Decreas-
ing and flat profiles are equally abundant with 19% and 18%,
respectively. The predominance of increasing profiles is in
qualitative agreement with former observational studies by
Bellstedt et al. (2017), Foster et al. (2018) and Arnold et al.
(2014). While these studies find disagreements in the actual
numbers, which might be due to small sample sizes and se-
lection biases, they consistently find a significantly larger
fraction of increasing profiles than other shapes. As shown
in App. A this also holds when using the V/σ instead of λ.
4 PROFILE SHAPE CORRELATION WITH
GALAXY PROPERTIES
To examine the imprint of the large-scale stellar kinematics
on other fundamental galaxy properties, we investigate the
connection between the λ(R) profile shape and the central
stellar kinematics, the stellar mass, and the morphology via
the b-value. Several earlier studies have addressed this topic
in the past: Having access to a large sample of 384 galaxies,
Foster et al. (2018) found that the radial dynamical support
is linked to the visual morphology, however with a significant
intrinsic scatter. Furthermore, Bellstedt et al. (2017) found a
strong separation between elliptical galaxies and S0 galaxies
in the plane of stellar spin gradient and local stellar spin
at 1R1/2 giving more physical meaning to the morphological
distinction.
4.1 Correlation with Central Stellar Kinematics
First we investigate the connection between profile shape
and the notion of centrally fast and slow rotators. To dis-
tinguish between fast and slow rotators, we use the quantity
λF/S = λR1/2/0.31
√
 , with fast rotators having (λF/S > 1) and
slow rotators having (λF/S < 1), according to the criterion
introduced by Emsellem et al. (2011).
The main panel of Fig. 6 relates this quantity to λmax,
which is the maximal amplitude of the λ(R) profile, for in-
creaser (triangles), decreaser (circles), and flats (diamonds).
The top panel displays the cumulative distribution of λF/S
for each class normalised to the number of members of the
respective class.
The increasers cover the full range of measured λF/S,
and therefore contain both fast and slow rotators. Approxi-
mately 50% are classified as fast rotators, and 50% as slow
rotators. In general, the increasers are separated from the
other two classes having larger λmax values at all λF/S. Only
in the high λF/S regime we find a minor overlap with the
decreasing class. The maximum λmax reached by increaseres
is 0.9, which is in the extremely rotational dominated do-
main. The distribution features a well defined lower envelop:
with increasing λF/S the minimum λmax increases accord-
ingly. For a given λF/S, the increasing profiles show a signif-
icantly larger vertical scatter than the two other classes.
Similar to the increasers, the flats cover a wide range
of λF/S, and hence comprise slow and fast rotators. How-
ever, the concentration of the distribution is located in the
slow rotating regime. Approximately 70% are centrally slow
rotating, while 30% are fast rotating. It might be that the
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Figure 6. Lower panel: the quantity λF/S = λR1/2/0.31
√
 versus
the maximal amplitude of the λ(R) profile λmax, split up into de-
creasing (red circles), increasing (blue triangles) and flat (green
squares) profiles. For central fast rotators, λF/S is larger than
one, accordingly λF/S is smaller than one for slow rotators. Upper
panel: the cumulative number of galaxies (NCum) normalised by
the total number of galaxies (NTotal) for each class.
fast rotating flats are actually increasers, but low mass and
therefore the steep inner rise of the profile falls below the
resolution limit. Those objects show a constant rotational
support over the whole range of investigated radii.
The overall distribution of flats is well constrained by
an upper and lower envelope following a very similar rela-
tion, describing a fairly tight connection: as λF/S increases,
λmax increases as well. This class also contains an extreme
outlier with a λmax = 0.24 and a anomalous low λF/S. We
checked this object and found that it is unusually round,
which causes λF/S to be small. This particular object is an
outlier in every correlation investigated in Schulze et al.
(2018). However, looking into this in detail is beyond the
scope of this paper.
The decreasing profiles populate the high λF/S regime
separated from the increasers by generally lower λmax val-
ues. Interestingly, except for one object, all of the decreasers
are classified as central fast rotators. This supports the find-
ings of Arnold et al. (2014) and Foster et al. (2018) that
these profiles resemble stellar rotating structures embedded
in a non-rotating halo. As aforementioned, we find a minor
overlap between decreasers and increasers at high λF/S val-
ues. Similar to the flats the decreasers exhibit a rather tight
correlation that increases with increasing λF/S. This trend
is expected since decreasing profiles reach their λF/S at low
radii close to where λF/S is measured.
Overall, the three classes populate distinctly different
regions in this plane with only minor overlaps. Comparing
the flat and decreasing profiles, it seems like the decreasers
represent a natural extension of the relation found for flats
to larger λF/S. We suspect that there is an evolution channel
Table 1. The statistical distribution of decreasing, increasing and
flat profiles within the five kinematic groups.
Decreasing Increasing Flat Ngal
RR 36% 49% 15% 208
NR 1% 61% 38% 101
DC 15% 48% 37% 27
PR 0% 100% 0% 14
D 37% 63% 0% 30
from decreasers to flats: decreasers seem to evolve towards
flat profiles due to a less significant peak in the centre. We
therefore suspect the decreasing and flat profiles to have a
similar merger history however the flat profiles experience at
least one high mass fraction merger that kills off the rotation
in the centre and transform an decreaser into a flat.
In order to investigate how the profile shape is con-
nected to a refined classification of the central kinematics,
we apply the central kinematic classification introduced in
Sec. 3.1. Tab. 2 summarizes the fraction of decreasing, in-
creasing and flat profiles for each kinematic group.
The RRs comprise objects from all three profile groups.
As expected, the most frequent group within the RRs are
the increasers with 49%. The decreaseres encompass 36% of
the RR, while 15% are flat. The flat profiles in this group
correspond to the fast rotating flats in Fig. 6 exhibiting high
amplitudes in the profile.
As expected, the NRs are in general less rotationally
support than the RRs. The fraction of flat profiles is 38%
and therefore twice as frequent as for the RRs. Therefore,
objects with low rotational support in the centre stay rel-
atively often pressure supported out to 5R1/2. This reflects
the low number of fast rotating flats found in Fig. 6. In-
terestingly, the NRs include a large fraction of increasers of
61% even higher than the average. However, the shape of
the increasing profiles of the NRs differs from the RRs: The
amplitude is in general smaller. Furthermore, the increase is
more modest and closer to linear.
An interesting feature of the DCs is the fact, that they
comprise a similar fraction of flats (37%) and increasers
(48%), and only a small fraction of decreasers (15%). Due to
the definition of DCs one would expect to preferentially find
decreasing profiles in this kinematic group, since a decrease
of the rotation in the LOSV-map is characteristic for this
group, except for the members with counter rotation which
are however extremely rare (5 galaxies). Hence, the visual
appearance of the LOSV-map within the central 1R1/2 is not
always sufficient to deduce the profile shape at larger radii
demonstrating the complex connection between central and
halo kinematics.
All of the 14 PRs have an increasing λ(R) profile. This
signal shows that for PRs the central and halo kinematics
are coupled and are determined by a process that affects
the centre and the halo. This is in line with the findings of
Ebrova´ &  Lokas (2017) that a significant merger sets the
prolate rotation which can alter the orbital configuration in
the centre and the halo.
A noticeable feature in the D group is the occurrence of
increasing and decreasing λ(R) and (V/σ)(R) profiles. This
means, that extremely rotational support disks can exist
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within a rotating (63% increaser) and non-rotating (37% de-
creaser) halo, i.e. 1/3 in a non-rotating halo. Therefore, the
process causing the pressure support in the halo, and hence
the difference in the formation of the halo, does not effect
the very centre of the galaxy.
4.2 Correlation with Stellar Mass
Earlier studies found a strong correlation between the stel-
lar mass of a galaxy and its central kinematics. According
to these studies the fraction of slow rotators increases signif-
icantly with stellar mass (Brough et al. 2017; Jimmy et al.
2013; Veale et al. 2017). In order to extend this to the halo
kinematics, we study the relation between the profile shape
and stellar mass.
Fig. 7 shows the stellar mass distribution of the three
profile classes in 6 bins. To investigate the distribution
within each bin the lower panel depicts the fraction of in-
creasing (blue), decreasing (red) and flat (green) profiles nor-
malised within each mass-bin. In contrast, the upper panel
shows the distribution of the total number of galaxies (NBin)
normalised to the total number of galaxies NTotal (solid line),
and the cumulative fraction (dashed line) in each individual
class. We emphasize that, due to the limited box size of
the simulation, our sample is not complete in the high mass
regime.
Throughout the whole probed mass range, the in-
creasers are the most frequent class. In the lowest mass bin,
the increaseres represent 87% of the total sample. For higher
masses, the fraction of increasing profiles drops to ≈ 50%
and shows no further mass dependence. This is a first hint
towards a connection between the profile shape and the mor-
phology of galaxies, since we expect the largest fraction of
rotational supported late-type and S0 galaxies in the low
mass bin.
The fraction of decreaser and flats rises concur-
rently from ≈ 7% at log(M∗/M) = 10.5 up to ≈ 25%
at log(M∗/M) = 11.1. Beyond log(M∗/M) = 11.1, the de-
creasers become more frequent, rising up to 40% and then
gradually dropping back to 20%. The flats show a contrast-
ing behaviour with a minor degression and a subsequent rise.
Therefore, the relative fraction of decreasing and flat profiles
stays constant within the considered mass range.
Investigating the normalised distribution for each indi-
vidual class in the upper panel of Fig. 7, we find a simi-
lar behaviour for the three classes: All distributions peak
in the mass-bin centred on log(M∗/M) = 10.75 and show a
gradual decrease towards higher masses. The flattening of
the cumulative distributions above log(M∗) = 11.5 is mainly
driven by the lack of high mass objects due to the limited
size of the simulated box. According to conclusions drawn
from the distribution in the lower panel increasers exhibit
the largest excess with respect to the other groups in the
lowest mass bin. Overall, we do not find a significant dif-
ference in the individual mass dependence among the three
classes. In line with our findings, using V/σ(R) profiles, which
are closely related to λ(R), Foster et al. (2018) found only a
weak trend for more massive galaxies to have slightly larger
V/σ(1.5Re) − V/σ(0.5Re) gradients.
Figure 7. The lower panel depicts the connection between
the fraction FClass of increasing (blue), decreasing (red) and flat
(green) profiles and the stellar mass normalised within each mass-
bin. The grey shaded region marks the, due to resolution and box-
size, unreliable mass-range. Bins with less than 10 galaxies are
shown in lighter colours. The histogram in the upper panel shows
the absolute number of galaxies in each mass bin (NBin)normalised
by the total number of galaxies (NTotal) of the respective class,
while the dashed line represents the according cumulative distri-
bution. The black curves represent the all galaxies in the sample.
4.3 Correlation with Morphology via the b-value
A connection between the V/σ gradient with morphology
was reported for the SLUGGS survey by Arnold et al. (2014)
and Bellstedt et al. (2017), and especially by Foster et al.
(2018) for the SAMI survey. According to these studies the
gradients in the V/σ profiles get larger when going from
early-type to late-type galaxies. Furthermore, Foster et al.
(2018) found a clear morphology trend in the (V/σ)max-
log(M∗) plane that can be understood by the Faber-Jackson
(Faber & Jackson 1976) and Tully-Fisher relation (Tully &
Fisher 1977).
Fig. 8 displays the connection between the b-value and
the gradient λ(2.0R1/2)-λ(0.5R1/2). The sample is split up
into increasing, decreasing and flat profiles as given in the
legend. The upper panel shows the normalised cumulative
(dashed) and differential (solid) distribution of b-values for
increasing (blue), decreasing (red) and flat (green) profiles.
The increasers cover a large range from disk-like b-
values down to spheroidal-like b-values. Their distribution
shows no sharp peaks or substructure indicative of sub pop-
ulations. Furthermore, the increasers feature the most disk-
like morphologies (largest b-value). The flat profiles show
a similar distribution to the increasers, however shifted to
smaller b-values with a significant overlap. No flats are clas-
sified as disk galaxies according to their b-values. Further-
more, the lowest b-values are reached by this class. For
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Figure 8. Gradient in λ(R) profile between 2.0R1/2 and 0.5R1/2
versus the b-value. The sample is subdivided into decreasing pro-
files (filled red circles), increasing profiles (blue filled triangles),
and flat profiles (green squares). The top panel shows the nor-
malised distribution for the three profiles types (solid lines) to-
gether with the according cumulative distributions (dashed lines).
the decreasers we find the narrowest distribution of the
three classes, reaching up to the extremely disk-like b-values.
Around b = −4.7 (in the ”intermediate” morphological re-
gion) the distribution features a peak encompassing ≈ 37%
of all decreasers. Hence, decreasing profiles are preferentially
in the transition range between pure spheroidals and pure
disks, not showing tail to low b-values.
Investigating the overall distribution in the lower panel
of Fig. 8, the maximum absolute value of the gradients in-
crease towards higher, and therefore more disk-like, b-values
confirming the finding from Bellstedt et al. (2017) and Foster
et al. (2018). In general the three classes populate distinct
regions in this plane. This separation is, as expected from
the definition of the classes, mainly driven by the gradient.
Overall, the distribution is not symmetric around 0, but off-
set of positive gradients.
Interestingly, we find a significant fraction of decreas-
ing profiles with positive gradient, representing 31% of the
decreasing sample, which is counterintuitive. This can be
explained by the varying position of the central maximum
present for the vast majority of the decreasers. For these
galaxies the maximum is at larger radii such that the profiles
is indeed decreasing at λ(2.0R1/2) but didn’t fall below the
amplitude at λ(0.5R1/2). Furthermore, this is the reason for
the overlap of flats and decreasers at b ≈ −4.7. The overlap
between the increasers and decreasers highlights that the in-
troduced classification is useful since it recovers decreasers
which are consistent with no or even positive gradient. In
addition, we even find 8 increasers with negative gradients.
These galaxies show a common characteristic shape: starting
from 0.5R1/2 the profiles are falling until they reach a mini-
mum in the range 1.0R1/2-2.0R1/2 and subsequently increase.
These two examples show that a simple gradient with two
sampling points doesn’t capture the diversity of the profiles
properly and the classification introduced in this study is
required.
5 DISSECTING THE FORMATION
PATHWAYS OF GALAXIES USING HALO
KINEMATICS
In the previous section we analysed the stellar large-scale
kinematics at z = 0 in detail, and their connection to global
galaxy properties. However, the simulations enable us to in-
vestigate the formation pathways of these galaxies over cos-
mic time and connect the present-day profile shape to merger
characteristics of the individual galaxy and therefore iden-
tify imprints of the accretion history in the profiles.
5.1 Connection to Profile Shape
To understand the information about the accretion history
encoded in the large scale kinematics, Fig. 9 shows a sum-
mary of the merger history for increasing (blue), decreas-
ing (red), and flat (green) profiles condensed into two pa-
rameters: The upper panel shows the stellar mass accreted
through the various merger types since z = 2, where ∆M∗
is normalised by the z = 0 stellar mass M∗ for each profiles
class. Similar to the upper panel of Fig. 9, the lower panel in-
vestigates the amount of gas accreted via the different types
of merger since z = 2. This is a direct measure of the avail-
able fuel for potential star formation and the build-up of
new dynamically cold components.
In total, increasers accrete on average 55% of their
present day stellar mass through mergers, and therefore
≈ 17% more than decreasers, which accrete 38%. Flat pro-
files gain 50% of their stellar mass via mergers, and hence
lie between increaser and decreaser.
The largest difference between the classes is apparent
for mass gained through major mergers: While decreasing
profiles accrete 13% of their stellar mass through this chan-
nel, increaser accrete with 32% almost a factor 3 more stellar
mass via major merger. The flat profile galaxies again reside
in the intermediate region, gaining 22% of their stellar mass
through major merger. It seems like there is a sequence from
increaser over flats to decreaser driven by the total amount
of accreted stellar mass and the importance of major merger
since z = 2.
The amount of stellar mass accreted through minor and
mini mergers is similar for the three classes. All classes gain
more mass via minor mergers than mini mergers. However,
the relative importance of the mini and minor mergers differs
strongly between the different classes. Especially, the differ-
ence between increasers and decreasers is significant: The
mass accreted via mini and major mergers for decreasers
is 6% larger than the mass gained through major merger.
In contrast, increasers accumulate 11% less via minor and
mini merger. Flats are again between the two classes, gain-
ing slightly more stellar mass via mini and minor mergers
than through major mergers. Therefore, we conclude, that
the merger history of decreasing profiles is dominated by
mini and minor mergers that lead to the characteristic pro-
file shape.
Regarding the gaseous mass accreted through mergers
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Figure 9. Both panels shows an averaged quantity related to
the accretion history of the galaxies. Different colours and sym-
bols separate the three profile classes decreasing (red filled cir-
cles), increasing (blue triangle), and flat (green diamonds). We
distinguish between contributions by major, minor, mini and all
mergers from left to right. The error associated with each point
is derived from 500 bootstraps and error bars correspond to the
1σ confidence interval. Top panel: Average stellar mass accreted
since z = 2.0 normalised by the stellar mass at z = 0. Lower Panel:
Average gaseous mass accreted since z = 2.0 normalised by the
stellar mass at z = 0.
for the different classes, we find a similar picture: the de-
creasing and flat profiles show a very similar behaviour for
all merger types, accreting ≈ 45% of their present day stel-
lar mass in gas via merger events and ≈ 7% through each
minor and mini merger.Both classes gain ≈ 20% gas mass
via major merger. The increasers are clearly separated from
the other classes in the total amount of gaseous mass gained
through merger events. With 60% gas mass relative to the
total stellar mass, this class accretes a factor 1.5 more gas
than decreasers and flats. This behaviour is clearly driven
by the major merger component: While the increasers gain a
comparable amount of gas through minor and mini merger,
they gain a factor 2 more via major merger than the other
classes.
An interesting feature for the increasers is that, when
considering the total accreted baryonic mass (M∗ + Mgas),
they assemble more than their present day stellar mass in
contrast to the other classes. This suggests, that the in-
creasers exhibit a higher gas-mass fraction and potentially
more star formation than the decreasers and flats. Analysing
the gas mass fractions confirms this conclusion.
Summarising the conclusion from Fig. 9, we find dis-
tinct differences in the global accretion history of the three
profile classes which motivate the following idea for the for-
mation pathway: The merger history of the increasing class
is dominated by gas-rich major merging. Depending on the
orbital configuration major mergers are believed to enhance
the dispersion of the velocity distribution down to the very
centre of the halo where the galaxy is located. However,
we find a significant amount of gas that is provided by the
major merger which potentially can build up a new kine-
matic cold component as demonstrated in Sparre & Springel
(2017). An increasing λ(R) profile is compatible with an ex-
ponential disk with a flat rotation curve (Romanowsky &
Fall 2012). Therefore, we suspect that the gas-rich major
mergers for increasing profiles happened rather early before
z ∼ 1, allowing for the build-up of a kinematic cold disk in
the centre that is aligned with the stars stripped during the
infall. In contrast decreasing profiles are clearly mini and
minor merger dominated. Earlier studies have shown that
these low-mass satellites, especially the mini merger, never
reach the centre of the host halo, getting disrupted in the
halo and therefore building up the stellar halo (Amorisco
2017; Karademir et al. 2019). Assuming an anisotropic ac-
cretion of the satellites, we expect this disruption process to
enhance the dispersion in the halo without affecting the cen-
tral embedded disk. The formation of the decreasing profiles
is discussed in more detail Sec. 5.3. The flat profiles seem to
be in a transition state driven by the ratio of minor+mini
to major merger accretion.
In order to elaborate our interpretation of Fig. 9 in more
detail, Fig. 10 shows two more quantities extracted from
the merger trees. The right column displays the fraction of
galaxies that underwent Nmerger major (upper panel), minor
(central panel) and mini merger split up into decreasing (red
circles), increasing (blue triangles) and flat (green diamonds)
profiles.
As expected from Fig. 9, we find the most sever differ-
ences between the classes in the major merger regime. The
three classes feature a similar distribution for the fraction
to increase towards lower numbers of merger. We find that
61% of the decreasers do not undergo a major merger, and
27% have one merger in their formation history since z = 2.
The increasers show a reversed trend, with the majority of
53% experiencing a single major merger and 30% not having
a major merger. The flats are in an intermediate state with
approximately the same fraction (∼ 40%) of the sample hav-
ing 0 or 1 major merger. While almost none of the galaxies
has more than three minor mergers, ∼ 40% of the sample
does not undergo a minor merger at all, similar for the three
classes. Furthermore, the distribution for the minor merger
exhibits a strong increase towards lower numbers, indepen-
dent of the profile type. In contrast, in the mini merger case,
the distribution declines towards lower and larger numbers
with a maximum at 2−3 mergers similar for all three profile
classes.
The left column shows the fraction of galaxies that expe-
rienced their last mini (lower panel), minor (central panel)
and major (upper panel) merger within a time interval of
±1Gyr around the plotted look-back time (lbt). This means
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Figure 10. Left Column: The fraction of galaxies that had their
last mini (lower panel), minor (central panel) and major (upper
panel) merger within a time interval of ±1Gyr around the plotted
look-back time (lbt). Right Column: The fraction of galaxies that
experienced Nmerger of a given type. In all panels the different
colours and symbols separate decreasing (red circles), increasing
(blue triangles) and flat (green diamonds) profiles.
that we only include galaxies that actually experienced a
merger of the respective type4.
The major merger (left upper panel) show a contrary
trend than the mini mergers (left lower panel): A larger frac-
tion of galaxies experienced an early major merger and no
subsequent major merger. This holds true for all three profile
classes. While the increasers and flats exhibit a similar distri-
bution the decreaseres again stand out: The outlined trend
is significantly stronger for galaxies with decreasing profiles
than for galaxies with increasing or flat profiles. About 90%
of the decreaseres that experienced a major merger in their
formation underwent the merger more than 5Gyr ago. In
contrast, for the increasers and flats this fraction is ∼ 60%.
Therefore, we conclude that the recent accretion history
(lbt < 5Gyr) of decreaseres that experience a major merger
is dominated by mini and minor mergers compared to major
mergers. Combined with the finding that only 40% of this
class does undergo a major merger at all, this represents a
clear and strong signal.
For the minor mergers (central panel) we do not find
4 As already discussed in Sec. 2.4, in the context of estimating
the mass fraction of a merger, determining the precise point in
time when a merger happens is notoriously difficult. This is on
the one hand due to the algorithm that constructs the merger
trees. On the other hand defining a physically meaningful sin-
gle ’merger time’ rather than a period of interaction is also de-
generate. Hence, we only focus on overall trends and significant
differenced in the left column to not over interpret the artificial
definition of a merger time in the merger trees.
Table 2. The statistical distribution of decreasing, increasing,
flat, and unclassified profiles at different redshifts.
z Decreasing Increasing Flat Unclass Ngal
0 19% 47% 18% 16% 450
0.5 27% 30% 22% 21% 805
1 23% 30% 22% 25% 785
2 37% 18% 17% 28% 243
the same general trend of earlier accretion as for the major
merger. The distribution is relatively flat without substantial
differences between the profile classes.
The lower left panel shows the general trend that a
larger fraction of galaxies had their last mini merger more
recently independent of the profile class. The increasers and
flats exhibit a very similar evolution with approximately 28%
of the sample having their last mini merger in the past 2Gyr,
while 8% did not experience a mini merger in the past 9Gyr.
The trend is strongest for the decreaseres with 42% expe-
riencing the last mini merger in the past 2Gyr, while only
3% had their last mini merger 9Gyr ago. Therefore, the frac-
tion of galaxies with lbt < 2Gyr is significantly larger for
decreasers than for increasers and flats.
5.2 Profile Classes at Higher Redshift
To investigate if the class frequencies evolve over time, we
applied our classification scheme at z = 2, z = 1, and z =
0.5 using the same selection criteria as outlined in Sec. 2.2,
yielding a samples of 243, 785, and 805 galaxies, respectively.
Tab. 2 summarizes the class frequencies at the considered
redshifts. We find that the decreasers account for 37% of
the z = 2 sample, while 18% are increasers and 17% are flats.
With decreasing redshift, the fraction of decreasers declines
to 19% at z = 0. The largest change in the decreaser fraction
happens between z = 2 and z = 1. In contrast, the fraction
of increasing profiles increases for lower redshift from 18%
at z = 2 to 47% at z = 0. The fraction of flats does not vary
significantly with redshift.
At high redshift, a decreasing λ(R) profile is the predom-
inant class in contrast to z = 0, where the increasers com-
prise half of the total sample. This implies that there has to
be an evolutionary path between decreasing and increasing
profiles to explain the class frequencies found at z = 0. Since
the decreasing feature is already in place at z = 2, present-
day decreaser must have an accretion history that does not
destroy this feature while building up a non-rotating stellar
halo, in agreement with our result, that decreasers essen-
tially grew through mini/minor mergers since z = 2. The
origin and nature of decreasing profiles is investigated in
more detail in the following chapter.
In total, 28% of our z = 2 galaxies are unclassified, rep-
resenting an increase of 12% in comparison to z = 0. This is
due to a significantly stepper increase of the profiles inside
0.5R1/2 for these galaxies and less variation at larger radii,
implying that our z = 0 classification is less distinctive at
higher redshift. This reflects the different evolutionary state
of the galaxies at z = 2, strongly dominated by dissipative
processes like gas accretion and in-situ star formation.
Fig. 11 shows the evolution of the distribution in more
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Figure 11. Each Panel shows the fraction of decreasers (left), increasers (middle), and flats (right) in mass bins with 0.3dex width at
z = 0, z = 0.5, z = 1.5, and z = 2.0. Grey regions mark the bins that are impacted by resolution and the limited box-size. Bins with less
than 10 galaxies are shown in lighter colours.
detail: The class frequency of decreasers (left), increasers
(middle), and (flats) is presented in mass bins at the four
considered redshifts. It shows that the trends found for the
total fractions above is apparent in every mass bin: With de-
creasing redshift, the frequency of decreasers declines, while
the fraction of increasers inclines, independent of mass. Fur-
thermore, we find a general increase in the fraction of de-
creasers towards higher stellar masses at all redshift, while
the increasers show a contrary behaviour. The galaxies with
flat profiles do not show an overall trend with redshift.
For lower-masses (log(M∗/M) < 11), the most signifi-
cant drop for decreasers occurs between z = 0.5 and z = 0,
while for higher masses (log(M∗/M) > 11) the decline is
strongest already between z = 2 and z = 1, as implied by the
varying slope with redshift. This behaviour suggests that the
process that drives the evolution of FClass acts at different
times for different stellar masses. In contrast, the relatively
constant slope for the increasers implies a concurrent rise of
the fraction, independent of stellar mass. Only in the lowest
mass bin we find a significantly larger jump between z = 0.5
and z = 0 than between the other redshifts.
5.3 Formation of Decreasing Profiles at z = 0
As shown in Sec. 5.1 the formation of present-day decreasing
profiles is dominated by low mass-fraction mergers at late
times. We suspect that the anisotropic accretion of those
satellites and their subsequent disruption in the halo ran-
domises the velocities and hence enhances the dispersion
in the halo, while maintaining the central rotating in-situ
component. In order to further corroborate this concept, we
investigate the evolution of an example galaxy exhibiting a
decreasing λ(R) profile at z = 0 in detail.
5.3.1 Case Study of a Decreasing Profile
The left central panel of Fig. 12 depicts the evolution of
the stellar mass for the example galaxy over cosmic time
from z = 2 down to z = 0. Vertical dashed lines mark minor
(green) and mini (blue) merger as defined in Sec. 2.4. This
particular example does not experience a major merger in
the considered redshift interval. The galaxy experiences two
mini and two minor mergers below z = 1. Relating the ex-
ample to Fig. 9, for minor mergers ∆M∗/M∗ = 0.29, for mini
merger ∆M∗/M∗ = 0.03, and for total merger ∆M∗/M∗ = 0.39.
Therefore, this halo is an example of a minor merger domi-
nated stellar accretion history. For the gaseous component,
we find ∆Mgas/M∗ = 0.23 for minor merger, for mini merger
∆Mgas/M∗ = 0.04, and for total merger ∆Mgas/M∗ = 0.35.
The left upper and lower panels show the projected stel-
lar density within a cube of 70kpc, corresponding to 7R1/2
at z = 0, around the galaxy centre at six distinctive times
as indicated. The extend of the central disk does not in-
crease significantly for lbt < 6.7Gry, while the surrounding
stellar halo gets more prominent with time. Although we
are not able to trace the orbit of the in-falling satellites in
detail, their position suggests that they get accreted from
anisotropic directions.
In the velocity maps (right upper and lower panels) we
clearly see that the rotating stellar core already present at
lbt = 9.4Gyr is visible at all times, and gets not destroyed
during the evolution of the galaxy. It gets more pronounced
and grows in size towards lower redshift. The accreted satel-
lites are clearly visible in the velocity maps. Especially at
lbt = 6.4Gyr, we see a coherent velocity structure in the right
upper corner which is most probably caused by stripped
stars from the in falling satellite. However, the tail is not
dense enough to be identified in the density map. The galaxy
never shows an ordered rotating motion in the halo, which
is reflected in the λ(R) profile: At all times the profile is
decreasing and maintains its central peak. In general, the
entire profile spins down at all radii.
Fig. 13 shows various radial properties of the example
galaxy at z = 0, demonstrating the dynamic and kinematic
composition of the halo. We select all particles of a merging
satellite at the moment when the merger takes place and
identify them at z = 0, for all mergers happening below z = 2.
Furthermore, we follow the complete evolution of the galaxy
to identify the stars that have been formed in-situ and stars
that have been formed outside and later on got accreted
onto the halo. Note that we follow the accreted and in-situ
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Figure 12. Visualisation of the temporal morphological and kinematic evolution of the example galaxy with decreasing profile at z = 0.
In the central panel on the left the black solid line illustrates the evolution of the stellar mass with look-back time (lbt). Vertical dashed-
dotted lines mark the moment at which a merger is identified. Colours distinguish minor merger (green), and mini merger (blue). The
top and bottom panels show the projected stellar density map within a square of 70kpc side length at various distinctive times as given in
the panel annotation. The central panel on the right shows the λ(R) profile at the same moments in time. Corresponding velocity maps
are displayed on the top and the bottom on the right.
component down to the first identification of the halo, while
we only consider merger events below z = 2. Therefore, the
merger components do not fully add up to the total accreted
component.
The upper panel of Fig. 13 shows the density profile of
the different components: total density profile (black solid),
accreted (solid blue), in-situ (solid red), mini merger (dotted
blue) since z = 2, and minor merger (dashed blue) since z = 2
(n = 300 equal particle bin).
The total profile is well-described by a Sersic profile
with a Sersic index of n = 3.0, consistent with an elliptical
galaxy. Decomposing the profile into accreted and in-situ
shows that the individual components are closer to an expo-
nential than the total profile. At ∼ 1.2R1/2, the accreted and
in-situ profiles cross, marking the transition from the in-situ
dominated centre to the accretion dominated halo. This is
in line with our hypothesis that the decline in the λ(R) pro-
file marks a transition of this kind. The stacked mini merger
profile contributes only marginally to the total density. In
contrast, the minor mergers are a significant contribution to
the accreted component. At ∼ 1.7R1/2, we find a transition
between the minor merger profile and the insitu profile.
In the lower panel of Fig. 13 we connect the density
profile to the kinematic λ(R) profile. The black solid line
shows the λ(R) profile for all stars, while the other curves
decompose the profile in the same manner as in the upper
panel. Note that due to the lack of particles it is not possible
to construct a λ(R) profile for the mini mergers.
The total λ(R) profile exhibits a steep incline in the
centre within 0.5R1/2 up to a peak at ∼ 1.0R1/2. Beyond
∼ 1.0R1/2 the profile decreases significantly to a minimum at
∼ 2.0R1/2, followed by a mild increases beyond that radius.
Interestingly, the radial transition range, in which the in-
situ and accreted density profiles cross, coincides with the
declining section of the total λ(R) profile. The λ(R) profile
for the in-situ component follows a similar shape, however
with a much stronger increase in the centre and accordingly
a higher peak. At radii larger than ∼ 2.0R1/2, the in-situ
profile has only very few data points, reflecting the drop in
density.
The profile for the accreted component does not show
much variation except for a mild increase in the outer radial
range. It does not follow the peak of the in-situ profile in the
centre, hence mitigating the peak of the total profile to lie
below the in-situ profile. For radii larger than 2.5R1/2, the
λ(R) profile of the accreted component coincides with the
λ(R) profile of the total and the minor merger.
This finding clearly shows that the transition from high
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Figure 13. Further analysis of the example galaxy investigated
in Fig. 12. Upper Panel: Stellar density profile of the example
galaxy at z = 0 split up into several components. The black solid
line shows the profile for all stars while the red and blue solid
lines depict the contributions from the in-situ and accreted com-
ponent constructed from the complete evolution of the galaxy.
Blue dashed and dash-dotted curves show the contribution of
stars accreted via minor and mini merger since z = 2.0. Lower
Panel: λ(R) profile split up in the same manner as in the upper
panel. Note that it is not possible to construct a λ(R) profile for
the mini merger stars due to the lack of particles. Vertical lines
mark the crossing of the in-situ and accreted density profiles.
rotational support at the peak radius to a less rotational
dominated region is driven by the transition from an in-situ
dominated inner part to an accretion-dominated halo. In this
particular example the halo kinematics are dominated by
the stars accreted through minor merger that were stripped
from the satellite during the infall.
It also supports the idea, presented by Foster et al.
(2018), Bellstedt et al. (2017), and Arnold et al. (2014) that
the declining profiles indicate an embedded in-situ disk, al-
beit this disk seems to be rather old. Investigating the age
distribution of the in-situ formed stars revealed that 60% of
the in-situ stars, which form the highly rotating central disk
at z = 0, were formed before z = 2, and only 17% below z = 1.
We find a similar behaviour for all our decreasing galaxies at
z = 0, clearly highlighting that the decreasing signal in λ(R)
really represents a indication for an old embedded stellar
disk with a purely mini/minor merger dominated formation
history.
5.3.2 Dynamic versus Kinematic Transition
In the previous section we showed for an example galaxy
with decreasing profile, that the rotating inner part was
formed in-situ while the outer halo was formed by only mini
and minor mergers. We now test if this is generally the case
by investigating where the accreted stars get deposited for
a larger sample of galaxies. We quantify this by the half-
mass distribution radius d: for every single merger event of
all decreasing galaxies we select the accreted stars at the
moment of the merger and identify them within the halo at
z = 0. The half-mass distribution radius d is then defined to
be the radius of a sphere containing half of the total mass
of the accreted stars. Therefore, d represents a measure for
the radius at which the merger deposited its stars.
Fig. 14 shows d, normalised by R1/2 at the moment of
the merger event, versus the mass ratio of the merger, colour-
coded according to the stellar mass of the host at the time
of the merger. The solid black curve represents the median
within bins of 30 data points, while the grey shaded area
marks the 16th and 84th percentile. The three non-solid lines
show the prediction from three analytic models presented by
Karademir et al. (2019). Vertical dashed lines visualise the
borders between major, minor, and mini merger.
The median curve shows a continuous incline with in-
creasing mass fraction following the behaviour of the ana-
lytic models from Karademir et al. (2019) (dashed and dot-
ted). Therefore, lower mass satellites get stripped at larger
radii. Similarly, the scatter becomes significantly larger with
increasing mass-fraction. While the major merger cover a
comparably small range below d/R1/2 = 14, minor and mini
merger populate a significantly broader range. This can be
explained by the influence of the orbital configuration of the
merger, as found by Karademir et al. (2019). Investigating a
large set of idealised merger simulations with varying orbital
configurations and mass-fractions, they showed that major
mergers always reach the galaxy at the centre of the halo,
regardless of the orbit. In contrast, for minor and especially
mini mergers, d is much more sensitive to the orbital con-
figuration and can build up a stellar halo while not affecting
the central galaxy. Therefore, minor and mini merger repre-
sent a suitable process that leaves the rotating component
in the centre intact while building up a kinematic distinct
stellar halo.
To further explore the connection between the kine-
matic transition and the transition from in-situ to accreted
stars we investigate the connection between the position of
the maximum of the kinematic profiles Rpeak and the density-
profile of accreted and in-situ stars for a subset of 43 de-
creasers. For this subsample we have access to a well-defined
transition radius Rtr that is defined to be the radius at which
the density profile of in-situ and accreted stars intersect.
Fig. 15 correlates Rtr with Rpeak for the λ(R) profile (up-
per left), (V/σ)(R) profile (right upper), V(R) profile (left
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Figure 14. Half-mass distribution radius d normalized by R1/2 of
the host at the moment of the merger event in dependence of the
mass-ratio stacked for all merger events experienced by galaxies
with decreasing profiles. The colour encodes the stellar mass of
the host at the moment of the merger event. Vertical dashed lines
visualise the borders between major, minor and mini merger. The
black solid line shows the median of the distribution within bins
while the grey shaded area mark the corresponding 16th and 84th
percentile. The dashed, dotted and dash-dotted curves show pre-
dictions from theoretical models extracted from Karademir et al.
(2019).
lower), and σ(R) profile (right lower). The colour encodes
the mass-ratio of the most massive merger experienced by
the galaxy since z = 2.
In the upper left panel we can clearly see that there is
a apparent trend for Rpeak to increase with increasing Rtr.
The lower right region below the 1:1 line of the diagram
is completely unoccupied. Above the 1:1 relation we find
a larger orthogonal scatter. The galaxies with the largest
distance to the 1:1 line have all experienced major mergers
as indicated by the colour. Therefore, the scatter around
the 1:1 becomes considerably smaller when only considering
the objects that did not undergo a major merger in their
evolution. However, a certain scatter in the correlation is
expected since in the transition region, where the accreted
and in-situ component overlap, the combined kinematics are
eminently complex.
As expected, a very similar behaviour is visible for the
(V/σ) profile, however with a slightly larger scatter. Decom-
posing the (V/σ) profile in the lower two panels reveals that
the velocity is the main driver for the correlation found in
the upper panels: While for V the correlation has a compa-
rable scatter around the 1:1 line and with Mfrac,max, σ does
not show a correlation close to the 1:1 line at all.
Based on this finding we conclude that, for galaxies with
decreasing profiles, the kinematic transition is closely corre-
lated with the transition from an in-situ dominated centre
to accretion dominated halo. Furthermore, we predict, that
Rpeak represents a good estimator for this transition region
in many cases. Since Rpeak can be observed with a sufficient
radial coverage, in contrast to Rtr, this represents a mean-
ingful tool to estimate the transition region in observations.
Figure 15. Radius of the maximum of the λ(R) profile Rpeak
versus the transition radius Rtr at which the accreted component
begins to dominate the stellar density profile. The colour encodes
the mass-ratio of the most massive merger the galaxy experienced
during its formation since z = 2.0.
6 SUMMARY AND CONCLUSION
We have investigated the kinematic properties of a sample
of 450 galaxies, extracted from the Magneticum Pathfinder
simulations out to 5R1/2. For this sample we construct λ(R)
and (V/σ)(R) profiles to assess the local kinematic state, and
analyse them with regard to galaxy properties and implica-
tions on the formation of the galaxies and the halo it resides
in.
In a first step we quantify the shape of the λ(R) profiles
by a simple two-point gradient and compare this to observa-
tions from the SAMI, SLUGGS, and ePN.S surveys. Overall,
we find an excellent agreement with the SLUGGS and ePN.S
observations, while SAMI finds significantly larger gradients
also in comparison to the other observational samples. In
agreement with the observations, we find negative gradients
for a significant fraction of centrally regular rotating objects,
with an increaasing fraction when the outer sampling point
is shifted to larger radii. This suggests that these galaxies ex-
hibit a rotating component in the centre which is embedded
in a less rotationally supported halo, supporting the assump-
tion from Arnold et al. (2014) and Foster et al. (2018) that
these galaxies are disks embedded in a non-rotating stellar
halo.
Visually examining the λ(R) profiles for our simulated
sample reveals three characteristic shapes:
Decreasing: The profiles exhibits a central peak in the
range 0.5R1/2-2.0R1/2.
(i)
Increasing: The profile is continuously increasing with
varying slope until it reaches a plateau.
(ii)
Flat: The profile features only minor variations and
stays constant out to the maximally probed radii.
(iii)
Approximately 50% of the sample have an increasing profile,
while 20% are decreasing, and 20% are flat. The predomi-
nance of of increasing profiles is in agreement with obser-
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vations by Bellstedt et al. (2017), Foster et al. (2018), and
Arnold et al. (2014).
We find that the vast majority of flats are centrally slow
rotating galaxies, while the increasing profiles are equally
distributed among centrally fast and slow rotators (50%),
however showing larger maximum amplitudes in λ(R) in the
fast rotating regime. Except for one galaxy all the decreasing
profiles are classified as centrally fast rotating, reflecting the
peak of the profile in the centre.
In order to understand the origin of the different λ(R)
profile shapes we exploit the full power of the simulation
and follow the evolution of our sample through cosmic time.
Since galaxy mergers represent one of the major drivers of
galaxy evolution at lower redshift, we analyse our sample
with respect to merger events. In particular, decreasing pro-
files show a distinct accretion behaviour: They gain most
of their stellar mass via minor and mini merger and not
through major merger as the increasing profiles. Analysing
the accretion history in more detail for an example galaxy
with decreasing profile we find that the central peak in the
profile is generated by stars that were formed in-situ at early
times, while the slow rotation at larger radii is generated by
stars that got accreted in low mass-fraction merger events.
This is supported by the finding that at z = 2 decreasing
profiles are, with 37% of the total sample, the predominant
class showing that the central peak in the profile is already
in place at this time. Furthermore, the radial range of the
decline coincides with the transition from in-situ to accreted
domination in the density profile. This suggests a formation
pathway in which the galaxy merges with low mass galaxies
from random direction that get disrupted in the halo due to
tidal forces and build up a non-rotating halo while leaving
the rotating component in the centre unimpaired.
We support this notion by investigating the distribution
of stars being accreted in merger events within the halo at
z = 0. We find that stars that got accreted in minor and
mini merger get preferentially deposited at larger radii in
comparison to major merger building up the stellar halo.
By correlating the position of the peak of the λ(R) profile
for decreasing profiles with the transition from in-situ to ac-
creted domination in the density profile we predict, that the
peak radius represents a good proxy for the transition ra-
dius. Since position of the peak of the λ(R) profile can be
observed, with a sufficient radial coverage, this provides a
meaningful tool to estimate the transition radius in obser-
vations.
In conclusion we find that galaxies generally show three
characteristic local kinematic profiles shapes quantified by
λ(R). Our conclusions do not change when using (V/σ)(R) as
a proxy for the local kinematics. We find clear evidence, that
the profiles shape encode information about the accretion
history of galaxies, especially for the galaxies with decreas-
ing profiles at z = 0. For these galaxies we can constrain the
accretion history to an early in-situ disk formation at z ≥ 2
and subsequent mini and minor merger that build up the
stellar halo. Therefore, decreasing profiles resemble an old
disk embedded in a non-rotating accreted halo. Furthermore,
λ(R) represent a meaningful diagnostic to constrain the ra-
dial range where the in-situ or accreted stars dominate the
galaxy/halo dynamics. Therefore, our study provides mean-
ingful interpretations and predictions for current and future
observations for the formation of galaxies and their stellar
halo that can be deduced from the stellar central and halo
kinematics.
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APPENDIX A: λ VERSUS V/σ
In Emsellem et al. (2007) and Emsellem et al. (2011) it has
been shown that the integrated λR1/2 and (V/σ) tightly cor-
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Figure A1. Correlation between λ and (V/σ) at a scale of 1.0R1/2.
The left panel displays the quantities integrated within R1/2. The
right panel shows the local quantities calculated within a elliptical
shell at 1.0R1/2. Black circles mark the Magneticum galaxies, while
the red dashed line is the best fitting relation from Emsellem et al.
(2011) obtained from dynamical modelling. Blue open diamonds
mark observations from the ATLAS3D survey, while green open
diamonds mark observations from the SLUGGS survey extracted
from Bellstedt et al. (2017).
relate with the form
λR1/2 =
κ(V/σ)R1/2√
1 + κ2(V/σ)2R1/2
(A1)
where κ is estimated to be ∼ 1.1. Given that we study local
λ(R) and (V/σ)(R), we want to investigate the connection
between λ and (V/σ) measured locally.
Fig. A1 shows the correlation between λ and (V/σ) inte-
grated within 1R1/2 in the left panel and the local values at
1.0R1/2 on the right. Black circles represent the Magneticum
galaxies, while the red dashed lines and the blue diamonds
in the left panel mark the best model fit and observations ex-
tracted from Emsellem et al. (2011). Observations from the
SLUGGS survey extracted from Bellstedt et al. (2017) are
marked by green diamonds. For the integrated quantities,
the simulated galaxies are in good agreement with the the-
oretical model prediction, however with a slightly steeper
slope. A steeper slope, with respect to the model, is also
apparent in the observed ATLAS3D sample. The SLUGGS
galaxies exhibit a slightly shallower slope in the high spin
regime than than ATLAS3D and the Magneticum galaxies.
For the locally measured quantities, the correlation is
tighter than in the integrated case. This is due to the larger
area considered by the integration and therefore more vari-
ations in the kinematic maps. In contrast, the calculation
of the local values is only based on the area close to an
isophote, excluding regions with large variations in the kine-
matic maps. Although it follows a similar shape, the lo-
cal correlation exhibit a shallower slope with respect to the
model prediction and the correlation found for the integrated
values. This can be explained by the way we calculate the
local values: Using the circularised radius in Eq. 5 explicitly
drops the radial dependence of λ calculated on an isophote,
suggesting κ = 1.0 in Eq. A1 corresponding to a shallower
slope of the relation than for κ = 1.1. We find the same
behaviour for the SLUGGS sample.
The profile classification applied in this study is mainly
based on the difference between the inner (0.5R1/2 < R <
2.0R1/2) and outer (2.0R1/2 < R < 3.5R1/2) mean of the λ(R)
profile by using a fine tuned threshold of ±0.04 to separate
Figure A2.Gradient determining the classification in decreasing,
increasing and flat given in Eqn. 12. The x-axis displays the gra-
dient for λ(R) profile, while the y-axis displays the corresponding
gradient of the (V/σ)(R) profile. The sample is split up into de-
creasing (red circles), increasing (blue triangles), and flat (green
diamonds) based on the λ(R) profile. The vertical dashed lines
illustrate the chosen boundaries of the three groups, while the
dotted line marks the 1:1 relation.
increasing and decreasing profiles. Fig. A2 shows this gradi-
ent for the λ(R) profile versus the gradient of the (V/σ)(R)
profile at the same radii. The 1-1 relation is given by the
dotted line, while the vertical dashed lines mark the 0.04
threshold. Furthermore, the sample is split up into the three
profile classes marked by the symbols as indicated in the
legend.
As expected from Fig. A1, the two gradients correlate
strongly. In the small gradient regime, which is populated by
flat profiles, the distribution follows the 1-1 relation closely.
Only for more negative and positive gradients, the gradients
in the (V/σ)(R) profile diverge to lower and larger values,
respectively. This is most probably due the flattening of the
relation at larger values seen in Fig. A1, since a stronger gra-
dient suggests larger amplitude values in the flatter regime
of the relation. However, it is evident that the chosen thresh-
old value for the λ(R) gradient also represents a meaningful
differentiation in the (V/σ)(R) gradients as illustrated by the
red dashed line with only few misclassified galaxies. There-
fore, we conclude that utilising the (V/σ)(R) profile for clas-
sification would not alter the results of the study.
APPENDIX B: MERGER TREE
CONSTRUCTION
To construct merger trees we apply the L-HALOTREE al-
gorithm in the postprocessing, which is outlined in the sup-
plementary information of Springel et al. (2005b). We give
a brief overview of the basic concept here: Initially, halo and
subhalo structures are identified for all output snapshots
by applying a standard Friends-of-Friends algorithm (FOF,
MNRAS 000, 1–22 (2019)
Kinematics of Simulated Galaxies II 23
Davis et al. 1985), assuming a linking length of 0.16 in com-
bination with an adapted version of the subhalo finder SUB-
FIND (Dolag et al. 2009; Springel et al. 2001b). Due to hier-
archical merging a halo can have several progenitors, while it
in general only has one specific descendant. Therefore, the
algorithm determines the descendant of a halo, which im-
plicitly also yields the progenitor information. For a given
halo, the appropriate descendant is identified by tracing the
unique particle IDs to the subsequent snapshot and finding
all halos that contain particles from this halo. The parti-
cles are then counted giving higher weights to the particles
that are gravitationally more bound, i.e. have a higher bind-
ing energy to the halo under consideration. In this man-
ner, the fate of the inner part of the structure is tracked,
which is most resistant with regard to stripping processes
that occur during the in-fall into a larger structure. After
the weighted counting, the halo with the highest count is
selected as descendant. A minor side note: In rare cases it is
possible that small structures fluctuate below the detection
limit in a subsequent snapshot, however appear again in the
following snapshot. To deal with this cases the algorithm
allows halos to skip snapshots instead of losing track of the
structure.
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